Abstract. Large Angle Convergent Beam Electron Diffraction (LACBED) experiments on dislocations located in the mirror planes of icosahedral AlPdMn single grains show that -as previously inferred from standard image contrast technique -the direction of the Burgers vector is perpendicular to the mirror plane of movement, thus confirming the fact that climb should be an important process for the plasticity mechanisms in icosahedral quasicrystals.
Introduction
In a previous paper [1] , the contrast of dislocations and associated phason faults have been studied by transmission electron microscopy (TEM) in an as-grown single grain of Al-Pd-Mn. These observations, carried out in bright and dark field conditions, showed dislocations, often dissociated into two components, trailing wavy faults close to mirror planes. Contrast analyses revealed Burgers vectors parallel to the 2-fold directions and perpendicular to the fault planes indicating that dislocations have moved by pure climb, under mechanical stresses generated by the cooling of the ingot. In the 6D hyperspace description, these dislocations had Burgers vectors with no component in the internal (or perpendicular) space corresponding to no subsequent retiling. The magnitude of the Burgers vector in the physical (or parallel) space, deduced from the analysis of the fault-fringe contrast, was found to be |b | = 0.480 nm. It is the projection in the physical space of a translation vector of the 6D F-lattice. This demonstrated that the fault left behind can be defined by a displacement vector of the perpendicular space, i.e. is a pure phason fault. Several previous estimations of directions and lengths of 6D Burgers vectors have been made by means of convergent beam diffraction (CBED) described for quasicrystals by Wang, Feng, Yan and Dai [2] , that allows for the determination of both the direction and a e-mail: caillard@cermes.fr b UMR CNRS 8517 c UMR 104 the length of Burgers vectors. The first reported CBED experiments on decagonal quasicrystals have been made by Yan, Wang, and Feng [3] . Similar experiments have been subsequently made in Al-Pd-Mn by Dai [4] , Feng, Wang and Wang [5] , and Rosenfeld et al. [6] . These last authors reported dislocations parallel to 2-fold directions, with various Burgers vectors with components in the physical space ranging from |b | = 0.113 up to 0.296 nm definitely shorter than those we have measured by contrast experiments (|b | = 0.480 nm).
The present paper reports on redundant LACBED measurements performed on the very same set of dislocations as those previously studied in [1] . They confirm the direction and the magnitude of the component b but do not allow the determination of b ⊥ . We will show that the dislocations we observed in as grown single grains iAlPdMn can be considered with respect to the overall 6D icosahedral structure as elementary dislocations and discuss how they insert in the general scheme of dislocations types encountered in icosahedral phases proposed by Rosenfeld et al. [6] and Wang et al. [2] .
Experimental
All observations have been made on the sample used in our previous study [1] . This sample has been cut in a single grain of Al-Pd-Mn elaborated by the Czochralski method, and subsequently annealed at 800
• C for three days and rapidly cooled at room temperature. The nominal composition is 70.1 ± 0.7 at.% Al, 20.4 ± 0.2 at.% Pd, and 9.5 ± 0.1 at.% Mn. The thin foil plane is close to the 3-fold (1/1, 1/1, 1/1) plane as labelled in the indexing scheme proposed by Cahn et al. [7] . The planes of movement, the Burgers vectors, and the diffraction vectors have the same notation as those given in our previous paper (see the stereogram in Fig. 1 ). Bright-field observations have been performed using a JEOL 2010 HC TEM operated at 200 kV, and LACBED experiments have been carried out with a Philips CM 30 TEM operated at 300 kV in the nanoprobe mode. Since the LACBED is a defocus method, the observed patterns are composed of the superimposition of g-Bragg lines (also called deficiency lines) and the "shadow" image of the illuminated area of the specimen: they are composite images of both the direct and reciprocal spaces. It was shown by Cherns and Preston [8] that, in crystals, dislocations of Burgers vector b introduce a typical splitting of the g-Bragg line at their intersections with the dislocation lines. This splitting is composed of tiny fringes the number n of which is directly connected to the dot product g · b.
The sign of n can be obtained from the Cherns and Preston rules taking into account the relative direction of the dislocation line u and the excitation vector s. Many successful experiments have already been performed on perfect dislocations. With partial dislocations, the analysis is more subtle because n is non necessarily an integer and the observed number of interfringes actually corresponds to the closest integer value of the dot product g · b. Figure 2 shows a set of dislocations imaged under different diffracting conditions. These dislocations have moved in the plane noted P C on the stereogram of Figure 1 . The direction of the plane trace (labelled C), and the variation of its apparent width as a function of the tilt angle, around the tilt axis T, show that P C is very close to a mirror plane (see Fig. 1 ). All diffraction vectors of a same row give the same (in/out) contrast properties of both the dislocation lines and the associated fault fringes. Some typical examples of these contrasts are shown in Figure 2 . Dislocations and fault fringes are clearly out-ofcontrast for g 5c = [0/0,1/2, 2/3], g 2c(1) = [1/1, 2/3,1/2], and g 2c(2) = τ g 2c(1) = [1/2, 3/5,2/3]. Referring to our previous results [1] , the inferred Burgers vector is perpendicular to g 5c and g 2c , therefore it is parallel to the direction noted b C of the real space in Figure 1 . In the case where the Burgers vector of the investigated dislocation is a translation vector of the 6D lattice (B = b + b ⊥ ), the dot products G · B, where G denote 6D reciprocal lattice vectors, are all integers and determined by the number n of observed line splittings. Then, B can be determined unambiguously by solving a system of 6 or more linear equations G k · B = n k , each corresponding to a different 6D diffraction vector G k . If, as it is the case here, the dislocation trails a planar fault due to no or partial retiling thus corresponding to an unsaturated value of b ⊥ , the 6D Burgers vector of the dislocation is not a vector of the 6D lattice and the former dot products are no longer integers. A way to overcome this difficulty consists in choosing Bragg lines that correspond to strong reflections i.e. to 6D diffraction vectors G that have small perpendicular components so that we can reasonably assume g ⊥ · b ⊥ g · b and therefore G·B = g ·b +g ⊥ ·b ⊥ ≈ g ·b . This leads us to interpret the number n of line splittings as if it would be generated by a perfect dislocation with a 6D Burgers vector corresponding to a translation of the 6D F-lattice, as it would eventually be after a complete retiling of the phason fault. Once the 6D Burgers vector is obtained, we verify subsequently that the assumption g ⊥ · b ⊥ g ·b was indeed valid for each equation of the linear system. This allows to explicitly determine b although b ⊥ remains experimentally unknown. Figure 4 shows the complete determination for one of the dislocations labeled C in Figure 1 . Up to 4 line splittings have been observed (Fig. 4a) . The results are summarized in Table 1 .
Results

Bright field observations
LACBED experiments
The resolution of the linear system yields
i.e. in physical space:
As assumed, the dot products g · b C are all close to integers, that validates the procedure. This Burgers vector has Figure 4 . The third column n gives the actual number of observed fringes in the LACBED patterns. As expected, the parallel component · C , given in the fourth column is close to n. We verify that the dot products g · b B are close to n, which again justifies the procedure (see Tab. 2). Here again, we confirm the direction and length of b as deduced by standard contrast analysis [1] .
Discussion
The present experimental observations show that LACBED yields reliable results in quasicrystals consistent with standard contrast analyses, even in the case where the retiling around dislocations is not completed, i.e. when the scalar product G · B = g · b is not an integer at the sole level of the dislocation line. The number of line splitting is then the closest integer to the value of the dot product g · b and there is no ambiguity in the resulting value of b when the complementary perpendicular term is small. This condition is satisfied in the present experiment due to the large magnitude of b and the small magnitude of g ⊥ . The counterpart of the method is that it is not possible to determine b ⊥ carried by the adjacent Table 2 . Analysis of the LACBED experiments in Figure 5 .
Note that all lines -in addition to the two first raws given here -coming from the [1/0, 1/1, 0/1] zone axis lead to n = 0 extinctions. planar fault and that can range between zero (no retiling) and its maximum value (complete retiling, disappearance of the planar fault as shown in Fig. 6 ) by simple counting the line splittings and numerical simulations would be required. Beside confirming the overall geometry of the dislocation movement occurring along planes perpendicular to the Burgers vector (pure climb in mirror planes), the present LACBED experiments confirm that the studied Burgers vectors b have a rather large magnitude of |b | = 0.480 nm, τ times larger than the largest ones reported by Rosenfeld et al. [6] in plastically deformed specimen. This can be understood as follows. The dislocations studied can be considered as genuine dislocations of the quasicrystal in the sense that their Burgers vectors correspond to the basic unit vectors of the 6D F-lattice which are the 6D analogue of the usual 1/2 1, 1, 0 translations in FCC structures. Plasticity will occur by multiplication of these dislocations according to two major schemes: dislocation reactions and dislocation dissociations. Both mechanisms generate new sets of Burgers vectors with different length because of the specific geometry of the icosahedral phases.
Concerning the dislocation reactions that have been extensively studied by Wang et al. [9] , enough is to observe here that the complete set of equivalent Burgers vectors oriented along 2-fold directions forms a star of 30 branches on an icosidodecahedron in the physical space. For a practical point of view, these Burgers vectors can be better viewed as being the oriented edges of a regular dodecahedron (that is the analogous for the icosahedral symmetry of the Thompson tetrahedron for FCC structures) shown in Figure 7 . These dislocations can react by pairs according to seven different cases among which three lead to Burgers vectors aligned again along two-fold directions but scaled by 1, τ and τ −1 in parallel space and respectively 1, τ −1 and τ in perpendicular spaces. The reactions that decrease the parallel component of the Burgers vector lead to a decrease of the elastic energy but simultaneously, because of the increase of the perpendicular component, a decrease of the tiling entropy that is maximum for the icosahedral perfect orientation in 6D. According to temperature the dislocation reactions leading to Burgers vectors with τ shorter component in parallel space and τ larger component in perpendicular space, can occur at various levels until a stationary equilibrium is reached between elastic energy gain and configurational entropy loss.
Dislocation dissociations have been first introduced and discussed by Kleman [10] based on the 6D lattice invariance by a quasidilatation of τ (due to the relation
. We notice again that a dissociation of an initial dislocation of Burgers vector b into two dislocations with colinear Burgers vectors b 1 and b 2 of relative lengths τ −1 and τ −2 leads to a substantial gain with respect to elastic energy but is defavorable with respect to the local tiling (chemical) induced disorder in the phason fault because of the increase of the perpendicular components of the Burgers vectors. These two opposite trends should stop iterating the dissociation process at some stage. When there is no retiling, dislocations with Burgers vector b trail a phason fault, the surface energy of which is proportional (to a first approximation) to the corresponding displacement b ⊥ . The higher |b |, the lower |b ⊥ | and consequently the lower the surface energy of the phason fault. The magnitude of the Burgers vectors is thus a compromise between the elastic energy (proportional to |b | 2 ) and the fault energy (proportional to |b ⊥ |) (Fig. 8a) . A decomposition into two dislocations of Burgers vectors b 1 and b 2 allows to decrease the total elastic energy (|b 1 | 2 + |b 2 | 2 < |b | 2 ) by creating a small ribbon of highly energetic phason fault (|b 1⊥ | > |b ⊥ |) (Fig. 8b) . For the equilibrium decomposition distance, the elastic repulsion force between the two dislocations is balanced by the attractive surface tension of the inner fault. The dragging force remains however proportional to |b ⊥ |. This corresponds to the situation investigated here.
However, when extensive retiling takes place, the phason faults disappear and the two resulting dislocations B 1 and B 2 become uncoupled. They move apart under their elastic repulsion force as shown in Figure 8c . Each "partial" dislocation can split again until the phason faults involved are too complex to be retiled. This situation probably corresponds to the observations reported by Rosenfeld et al. [6] . As a conclusion, larger Burgers vectors are expected at low temperatures, when retiling is a too slow process to erase phason faults rapidly.
Conclusion
LACBED experiments have confirmed our earlier conclusions concerning dislocation movements in as-grown AlPd-Mn:
-the direction of the Burgers vector b is perpendicular to the mirror plane of movement, experimentally revealed by the residual adjacent planar faults; this corresponds to a pure climb mechanisms; -although the perpendicular component b ⊥ cannot be taken as zero simply because of the topological invariance of the dislocation, the observation of trailing phason faults is a strong indication that retiling had little time to occur during the cooling treatments and no or few mobile dislocations had time to decompose. This could explain why the length of b is found equal to its genuine original geometrical value of 0.480 nm that corresponds to the parallel projection of the shortest 6D vectors of the 6D F-lattice.
